Ghrelin increases food intake and body weight by stimulating orexigenic agouti-related protein (AgRP)/neuropeptide Y (NPY) neurons and inhibiting anorexic pro-opiomelanocortin (POMC) neurons in the hypothalamus. Growth hormone secretagogue receptor (Ghsr) mediates the effect of ghrelin on feeding behavior and energy homeostasis. However, the role of Ghsr in the ghrelin effect on these two populations of neurons is unclear. We hypothesized that Ghsr mediates the effect of ghrelin on AgRP and POMC neurons. In this study, we determined whether Ghsr similarly mediates the effects of ghrelin on AgRP/NPY and POMC neurons using cell typespecific Ghsr-knockout mice. Perforated whole-cell recordings were performed on green fluorescent protein-tagged AgRP/ NPY and POMC neurons in the arcuate nucleus in hypothalamic slices. In Ghsr +/+ mice, ghrelin (100 nM) significantly increased the firing activity of AgRP/NPY neurons but inhibited the firing activity of POMC neurons. In Ghsr À/À mice, the excitatory effect of ghrelin on AgRP/NPY neurons was abolished. Ablation of Ghsr also eliminated ghrelin-induced increases in the frequency of GABAergic inhibitory postsynaptic currents of POMC neurons. Strikingly, ablation of Ghsr converted the ghrelin effect on POMC neurons from inhibition to excitation. Des-acylated ghrelin had no such effect on POMC neurons in Ghsr À/À mice. In both Ghsr +/+ and Ghsr À/À mice, blocking GABA A receptors with gabazine increased the basal firing activity of POMC neurons, and ghrelin further increased the firing activity of POMC neurons in the presence of gabazine. Our findings provide unequivocal evidence that Ghsr is essential for ghrelin-induced excitation of AgRP/NPY neurons. However, ghrelin excites POMC neurons through an unidentified mechanism that is distinct from conventional Ghsr.
Ghrelin is a 28-amino-acid peptide that was isolated originally from porcine stomach extracts; it is involved in the regulation of growth hormone secretion, food intake, energy metabolism (Kojima et al. 1999; Tschop et al. 2000; Nakazato et al. 2001) , cardiovascular function (Nagaya et al. 2001) , gastrointestinal function (Date et al. 2000; Masuda et al. 2000) , and memory (Diano et al. 2006) . Ghrelin is produced by endocrine cells of the gastric oxyntic glands (Date et al. 2000; Dornonville de la Cour et al. 2001) and exists mainly in the forms of ghrelin (acylated form) and des-n-octanoyl ghrelin (des-acyl ghrelin) Delhanty et al. 2012) , both of which are also synthesized in the hypothalamus including the arcuate nucleus (ARC) (Mondal et al. 2005; Sato et al. 2005) . The serine acylation on the third residue is essential for its binding to growth hormone secretagogue receptor (Ghsr) (Kojima et al. 1999; Matsumoto et al. 2001; Muccioli et al. 2002; Kojima and Kangawa 2005) . However, previous studies have shown that des-acyl ghrelin impacts a variety of biological functions related to metabolism independent of Ghsr in the brain (Inoue et al. 2013; Callaghan and Furness 2014; Heppner et al. 2014; Fernandez et al. 2016) . Ghsr1a is functionally active and a signal-transducing form of the Ghsr, whereas Ghsr1b, the truncated form of Ghsr1a, is incapable of binding to ghrelin to activate the signal transduction activity generated by alternative splicing of the same Ghsr1a gene (Howard et al. 1996; McKee et al. 1997) . Although ablation of Ghsr1a eliminates ghrelininduced GH secretion and increases in food intake (Sun et al. 2004) , the appetite of Ghsr À/À mice is not significantly altered in Ghsr À/À mice (Sun et al. 2003) . However, the cellular and signaling mechanisms involved in this discrepancy remain elusive. Ghsr is distributed in the pituitary gland and in the hypothalamus, including the agouti-related protein (AgRP)/ neuropeptide Y (NPY) neurons in the ARC (Tannenbaum et al. 1998; Willesen et al. 1999) . Both orexigenic AgRP/ NPY neurons and anorexigenic pro-opiomelanocortin (POMC) neurons in the ARC are involved in the regulation of feeding behavior (Morton et al. 2006; Mercer et al. 2013) . The majority of AgRP/NPY neurons in the ARC express Ghsr mRNA, but Ghsr is expressed in only 9% of POMC neurons (Willesen et al. 1999) . Ghrelin-producing neurons are present in the hypothalamus and project to brain regions including the ARC (Kojima et al. 1999; Cowley et al. 2003) . Ghrelin-containing axonal terminals are in close proximity to AgRP/NPY and POMC neurons in the ARC (Cowley et al. 2003; Toshinai et al. 2006) . It has been shown that ghrelin produces an excitatory effect on AgRP/NPY neurons but has an inhibitory effect on POMC neurons to regulate energy homeostasis (Cowley et al. 2003) . However, it remains unclear whether the same Ghsr mediates the differential effects of ghrelin on POMC and AgRP/NPY neurons.
Several lines of evidence indicate that Ghsr1a is not the sole receptor that mediates ghrelin's effect because ghrelin has a high binding affinity to tissues and cells that do not express Ghsr1a (Cassoni et al. 2004; Gauna et al. 2005; Toshinai et al. 2006; Thielemans et al. 2007) , including chondrocytes (Caminos et al. 2005) , breast cancer cells (Cassoni et al. 2001) , H9c2 cardiomyocytes (Baldanzi et al. 2002) , and human prostate cancer cells (Cassoni et al. 2004) . Furthermore, it has been suggested that Ghsr1a-independent mechanisms play a role in ghrelin's action on promotion of bone marrow adipogenesis (Thompson et al. 2004) , producing antilipolytic action in adipose tissue (Muccioli et al. 2004) , and regulating of hepatic glucose homeostasis (Gauna et al. 2005) . Nevertheless, ghrelin signaling independent of Ghsr was suggested in non-neuronal tissues and cells in previous studies. In this study, we used a combination of patch-clamp recording and cell type-specific Ghsr-knockout approaches to specifically determine the contribution of Ghsr to the distinct effects of ghrelin on POMC and AgRP/NPY neurons.
Materials and methods

Animals
The mice were originally bred at Baylor College of Medicine and were housed in a pathogen-free facility at the University of Texas MD Anderson Cancer Center. The animals were housed under controlled temperature and lighting conditions (25 AE 1°C; 12 h light-dark cycle) with free access to food and water. The surgical procedures and experimental protocols were approved by the Institutional Animal Care and Use Committee of MD Anderson Cancer Center and conformed to the National Institutes of Health guidelines for the ethical use of animals. All Ghsr +/+ and Ghsr À/À mice were congenic (backcrossed 15 generations) in a C57BL/6J background and were genotyped as described previously (Sun et al. 2003 (Sun et al. , 2004 Brain slice preparation and electrophysiological recordings Hypothalamic slices containing the ARC were prepared from adult Ghsr +/+ and Ghsr À/À male mice as described previously (Sun et al. 2003 (Sun et al. , 2004 . In brief, under 2% isoflurane anesthesia, the mouse was quickly decapitated, and the brain was removed and placed in ice-cold 95% O 2 -5% CO 2 -saturated artificial cerebral spinal fluid (aCSF) containing (in mM) 124.0 NaCl, 3.0 KCl, 1.3 MgSO 4 , 2.4 CaCl 2 , 1.4 NaH 2 PO 4 , 10.0 glucose, and 26.0 NaHCO 3 . A tissue block containing the ARC was glued onto the stage of a vibrating microtome (VT1000; Leica microsystem, Buffalo Grove, IL, USA).
Coronal slices were cut to 300 lm thickness. The slices were then transferred to a storage chamber and incubated in aCSF. They were continuously gassed with 95% O 2 -5% CO 2 at 34°C for at least 1 h before electrophysiological recordings were obtained. A brain slice was placed in a recording chamber (Warner Instruments, Hamden, CT, USA) and held to the bottom of the chamber by a nylon mesh. The recording chamber was continuously perfused (3 mL/min) with aCSF at 34°C, maintained by an in-line solution heater and a temperature controller (model TC-324; Warner Instruments). The eGFP-tagged neurons in the ARC region were briefly identified using an upright microscope (BX51WI; Olympus, Tokyo, Japan) with a combination of epifluorescence illumination and differential interference contrast optics. The recording electrode was pulled from borosilicate capillaries (1.2-mm OD, 0.68-mm ID; World Precision Instruments, Sarasota, FL, USA) using a micropipette puller (P-97; Sutter Instruments, Novato, CA, USA). We used perforated recordings to measure the firing activity of eGFP-labeled POMC and AgRP/NPY neurons in the ARC. The perforated approach was used to minimize the interference with the intracellular content (Ye et al. 2012; Zhou et al. 2012) . The internal solution contained (in mM) 130.0 K-acetate, 15.0 KCl, 5.0 NaCl, 1.0 MgCl2, and 10.0 HEPES (pH adjusted to 7.2 with KOH to 296 mOsm). Gramicidin was freshly dissolved in dimethylsulfoxide and then diluted to a final concentration of 50 lg/mL using the pipette solution (Ye et al. 2012; Zhou et al. 2012) . Recording of the firing activity of green fluorescent protein (GFP)-tagged ARC neurons began when the firing activity had reached a steady state for 5-10 min. Spontaneous firing activity was recorded in neurons with resting membrane potentials of À50 mV or lower and with action potential overshoots of more than 10 mV. The signals were processed using an amplifier (Molecular Devices, Foster City, CA, USA), filtered at 1-2 kHz, digitized at 20 kHz using DigiData 1320A (Molecular Devices), and saved to the hard drive of a computer.
We used a conventional whole-cell configuration to assess the caminobutyric acid (GABA) synaptic inputs to POMC neurons by recording spontaneous inhibitory synaptic currents (sIPSCs). The internal recording solution for sIPSCs contained (in mM) 110.0 Cs 2 SO 4 , 2.0 MgCl 2 , 0.5 CaCl 2 , 5.0 EGTA, 2.0 Mg-ATP, 0.3 Na 2 -GTP, 10.0 QX-314, and 10.0 HEPES (pH adjusted to 7.25 with CsOH; 285 mOsm). The sIPSCs were recorded at a holding potential of 0 mV in the presence of 20 lM 6-cyano-7-nitroquinoxaline-2,3-dione and 50 lM D-(-)-2-amino-5-phosphonopentanoic acid (Li et al. 2008) . All drugs were freshly prepared in aCSF before the recording and delivered at their final concentrations using syringe pumps. 6-cyano-7-nitroquinoxaline-2,3-dione, D-(-)-2-amino-5-phosphonopentanoic acid, and gabazine were purchased from Abcam and were used to block a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid, NMDA, and GABA A receptors, respectively.
Data analysis
Data were expressed as means AE SEM. The firing activity and membrane potentials of the neuron were analyzed over a period of 3-5 min before, during, and after drug application. The junction potential was corrected off-line on the basis of the composition of the internal and external solutions used for the recordings. The firing rate, amplitude, and frequency of sIPSCs were analyzed off-line using a peak detection program (MiniAnalysis; Synaptosoft, Leonia, NJ, USA). Events were detected by setting a threshold above the noise level. The data were compared using one-way analysis of variance (ANOVA) with Tukey's or Dunnett's post hoc test. p < 0.05 was considered to be statistically significant.
Results
Ghsr is essential for the excitatory effect of ghrelin on AgRP/NPY neurons The majority of AgRP/NPY neurons in the ARC express Ghsr mRNA, and central administration of ghrelin increases AgRP and NPY mRNA levels and c-fos expression in AgRP/ NPY neurons in the ARC (Kamegai et al. 2001; Nakazato et al. 2001; Goto et al. 2006) . We thus determined the role of Ghsr in mediating the effect of ghrelin on the excitability of AgRP/NPY neurons. Bath application of ghrelin (100 nM) significantly increased the firing activity in 10 of 13 (76.9%) eGFP-tagged AgRP/NPY neurons from four Ghsr +/+ mice (F (2,17) = 12.29, p = 0.0019, Fig. 1a-d) . The membrane potential was significantly depolarized from À50.1 AE 2.3 to À45.9 AE 1.9 mV (F (2,17) = 26.58, p < 0.001) in these 10 neurons. Ghrelin had no significant effect on the firing activity in the remaining three AgRP/NPY neurons (4.8 AE 0.7 vs. 4.7 AE 0.6 Hz). In contrast, in five Ghsr À/À mice, ghrelin (100 nM) failed to alter either the firing activity or the membrane potential of all GFP-labeled NPY neurons (F (2,42) = 0.918, p = 0.409, n = 15 neurons; Fig. 1e and f) .
Deletion of Ghsr switches the effect of ghrelin on POMC neurons from inhibition to excitation To determine the role of Ghsr in mediating the effect of ghrelin on POMC neurons, we compared the effect of ghrelin on the firing activity of GFP-tagged POMC neurons in Ghsr +/+ and Ghsr À/À mice. In five Ghsr +/+ mice, bath application of ghrelin (100 nM) significantly decreased the firing activity of the majority of GFP-tagged POMC neurons (8 of 11, 72.7%, F (2,21) = 8.921, p = 0.0157) in five Ghsr +/+ mice and significantly hyperpolarized the membrane potential of these POMC neurons from À50.0 AE 2.9 to À55.0 AE 2.6 mV (F (2,21) = 27.65, p < 0.001, Fig. 2a-c) . Ghrelin increased the firing activity of one GFP-tagged POMC neuron (from 1.7 to 3.9 Hz) and had no effect on the firing activity of the remaining two POMC neurons (3.6 vs. 3.7 Hz and 2.8 vs. 2.5 Hz).
In five Ghsr À/À mice, ghrelin (100 nM) significantly increased the firing activity in 10 of 12 (83.3%) GFP-tagged POMC neurons (F (2,27) = 7.207, p = 0.0095) and depolarized their membrane potential from À50.5 AE 1.6 to À47.7 AE 2.0 mV (F (2,27) = 9.724, p = 0.0029, Fig. 2d ). Ghrelin did not significantly alter the firing activity in the remaining two neurons (4.5 vs. 4.4 Hz and 2.2 vs. 2.5 Hz). We also determined the dose-dependent response of POMC neurons to ghrelin. Ghrelin (10-200 nM) concentrationdependently increased the firing activity of nine POMC neurons recorded from three Ghsr À/À mice (Fig. 2e ).
In addition, because ghrelin is spontaneously des-acylated to generate des-acyl ghrelin, we determined whether ghrelininduced stimulatory effects on POMC neurons in Ghsr À/À mice are because of the generation of des-acyl ghrelin. In three Ghsr À/À mice, bath application of 100 nM des-acyl ghrelin had no significant effect on the firing activity and membrane potential in any of the 10 POMC neurons examined (F (2,27) = 1.06, p = 0.349, Fig. 2f ).
Ghsr is required for ghrelin-induced increases in GABAergic input to POMC neurons
Because AgRP/NPY neurons inhibit POMC neurons by potentiating inhibitory GABAergic synaptic input (Cowley et al. 2001 (Cowley et al. , 2003 , we next determined the role of Ghsr in mediating the effect of ghrelin on GABAergic IPSCs of POMC neurons. Spontaneous IPSCs were recorded in GFPtagged POMC neurons in Ghsr +/+ and Ghsr À/À mice. In three Ghsr +/+ mice, bath application of 100 nM ghrelin significantly increased the frequency, but not the amplitude, of IPSCs (from 2.5 AE 0.3 to 4.2 AE 0.5 Hz, F (2,21) = 56.16, p < 0.001) in eight POMC neurons (Fig. 3a-c) . In contrast, ghrelin had no effect on the frequency or the amplitude of IPSCs in all nine GFP-tagged POMC neurons recorded from four Ghsr À/À mice (F (2,24) = 1.07, p = 0.362, Fig. 3a-d ).
Ghrelin stimulates POMC neurons independent of altered GABAergic inputs
Because GABAergic input from AgRP/NPY neurons affects the excitability of POMC neurons, it is possible that the observed excitatory effect of ghrelin on POMC neurons in Ghsr À/À mice is because of the altered GABAergic input. To test this hypothesis, we examined the effect of ghrelin on the firing activity of POMC neurons after blocking the GABA A receptor with a specific antagonist, gabazine (Heaulme et al. 1987; Park et al. 2007) . Bath application of gabazine (20 lM) significantly increased the baseline firing activity from 3.7 AE 0.4 to 5.2 AE 0.5 Hz (F (2,39) = 35.96, p = 0.004) in 14 POMC neurons from five Ghsr +/+ mice ( Fig. 4a-c) . Gabazine also depolarized the membrane potential from À52.5 AE 1.5 to À49.9 AE 1.5 mV (F (2,39) = 56.63, p = 0.0008). In the presence of gabazine, subsequent bath application of ghrelin (100 nM) further depolarized the membrane potential of these POMC neurons to À46.4 AE 1.4 (p < 0.0001) mV and significantly increased the firing activity to 7.2 AE 0.5 Hz (F (2,39) = 35.96, p < 0.0001, Fig. 4a-c) . In addition, we determined the effect of ghrelin on the firing activity of POMC neurons after blocking GABA A receptors in Ghsr À/À mice. In three Ghsr À/À mice, blocking GABA A receptors with 20 lM gabazine significantly increased the firing activity from 4.1 AE 0.5 to 5.7 AE 0.5 Hz (F (2,30) = 102.5, p < 0.0001) of 11 POMC neurons. Subsequent bath application of 100 nM ghrelin in the presence of gabazine further increased the firing activity of these POMC neurons to 7.4 AE 0.5 mV (Fig. 4d) .
Discussion
Ghsr is the only receptor that has been identified to mediate ghrelin-induced GH secretion and food intake, and genetic ablation of Ghsr eliminates these ghrelin effects (Kamegai et al. 2001; Nakazato et al. 2001; Sun et al. 2003; Toshinai et al. 2006) . The circulating ghrelin produced in the stomach and intestines crosses the blood-brain barrier and acts on ARC-POMC neurons (Schaeffer et al. 2013) . However, it is uncertain whether ghrelin is synthetized at physiologically relevant levels in the central nervous system (Kojima et al. 1999; Mondal et al. 2005; Cabral et al. 2017) . We found that ablation of Ghsr1a eliminated the ghrelin-induced excitatory effect on AgRP/NPY neurons, indicating that Ghsr1a is essential for the excitatory effect of ghrelin on AgRP/NPY neurons. We observed that ablation of Ghsr1a did not alter the basal firing activity and membrane potential of POMC or AgRP/NPY neurons, suggesting that tonic Ghsr activity is not critically involved in the control of the basal neuronal activity of POMC and AgRP/NPY neurons. In this regard, ablation of Ghsr1a in mice has little effect on basal food intake, body weight, or growth rate (Sun et al. 2003) .
A salient finding of our study is that ghrelin excites POMC neurons independent of Ghsr. We showed that ghrelin inhibited the majority of POMC neurons in Ghsr +/+ mice. Because Ghsr1a is expressed in a small population of POMC neurons (Willesen et al. 1999) , ghrelin-induced inhibition of POMC neurons is likely because of an indirect effect mediated by enhanced GABAergic synaptic inputs into POMC neurons (Cowley et al. 2003) . If Ghsr1a mediates ghrelin-induced inhibition on POMC neurons, one would expect that ablation of Ghsr would eliminate the effect of ghrelin on POMC neurons. To our surprise, we found that ablation of Ghsr1a switched the ghrelin effect on POMC neurons from inhibition to excitation. Ghrelin is spontaneously des-acylated to generate des-acyl ghrelin (Delhanty et al. 2012; Heppner et al. 2014) , which could be produced during ghrelin application. However, we found that des-acyl ghrelin did not affect the firing activity of POMC neurons in Ghsr À/À mice, suggesting that des-acyl ghrelin is not involved in the ghrelin-induced excitatory effect of POMC neurons. Because Ghsr mediates ghrelin-induced increases in GABAergic input from AgRP/NPY neurons to POMC neurons, deletion of Ghsr1a removes the inhibitory GABAergic inputs, thus revealing a Ghsr1a-independent excitation of POMC neurons by ghrelin. This notion is supported by our finding that ghrelin still produced a further increase in the firing activity of POMC neurons when GABA A receptors were blocked in Ghsr +/+ mice. Thus, an unidentified ghrelin receptor may mediate the direct excitatory effect of ghrelin on POMC neurons. This non-Ghsr-mediated ghrelin effect on POMC neurons may be involved in the unaltered food intake in Ghsr-deficient mice (Sun et al. 2003) . Because POMC neurons plays an important role in the regulation of glucose hemostasis and energy balance (Yaswen et al. 1999) , this non-Ghsr1a-mediated action on POMC neurons may also play a role in the increased insulin sensitivity and enhanced energy expenditure observed in Ghsr1a-deficient mice (Lin et al. 2011; Chacko et al. 2012) .
Our finding that ghrelin excited POMC neurons in Ghsr À/À mice is intriguing because Ghsr1a is expressed in a small portion of these POMC neurons (Willesen et al. 1999) . Previous studies have shown that ghrelin binds to nonneuronal cells and tissues that do not express Ghsr1a to produce biological activity (Camina 2006) . For example, both acylated and non-acylated ghrelin bind to prostate carcinoma cells that have no expression of Ghsr1a or 1b (Cassoni et al. 2004) . Furthermore, acylated and nonacylated ghrelin bind to H9c2 cardiomyocytes and isolated adipocytes that do not express Ghsr (Baldanzi et al. 2002 ; Muccioli et al. 2004) . Ghrelin stimulates, whereas des-octanoyl ghrelin inhibits, glucose output from primary hepatocytes, which do not express Ghsr (Gauna et al. 2005) . In addition, ghrelin causes up-regulation of insulin receptor substrate 1 phosphorylation levels in the human hepatocellular HepG2 cell line, which is deficient of Ghsr1a (Thielemans et al. 2007 ). Thus, ghrelin may stimulate POMC neurons by binding to an alternative receptor.
Cassoni
In summary, our findings provide unambiguous evidence that ghrelin excites AgRP/NPY neurons through Ghsr but stimulates POMC neurons through a Ghsr-independent mechanism. Our study provides the first compelling evidence showing the specific neuronal populations in the hypothalamus that exhibit divergent ghrelin signaling. Future studies are warranted to identify the novel ghrelin receptor that is involved in the ghrelin's excitatory effect on POMC neurons. 
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